A B S T R A C T This paper describes a method for determining the number of marrow erythroid and neutrophil cells in which the cellularity of marrow sections was related to that of the total marrow by radioiron dilution. Tissue sections were prepared from methacrylateembedded dog marrow biopsies, and neutrophils were identified by staining of their primary granules. After correction of direct section counts for multiple counting error, accurate neutrophil-erythroid ratios were established with a coefficient of variation of less than 10% when 104 cells were examined. An average neutrophil-erythroid ratio of 1.2 was found in six normal dogs.
INTRODUCTION
Early estimates of marrow cellularity were based on the volume of active marrow and the relative concentrations of myeloid and erythroid components (1, 2).
More recent estimates of hematopoietic mass have been based on isotope dilution techniques (3, 4) . In this study the number of marrow neutrophils in the dog was quantified by relating the number of cells in marrow sections to total marrow cellularity through radioiron labeling. The validity of the method was evaluated in animals whose neutrophilic stores were depleted by leukopheresis.
METHODS
Six mongrel dogs, weighing 10-12 kg, immunized against canine distemper, and treated for parasites, were studied after an observation period of at least 3 wk. These animals had hematocrits over 40% and neutrophil counts ranging between 3,800 and 1O,200/1id during the observation period.
On the first day of the study, each animal's plasma iron turnover (PIT)1 was measured to establish the relationship between erythroid marrow cellularity and PIT (34). On the next day the marrow was labeled by a large intravenous dose of radioiron, and on the third day a marrow biopsy was performed for the determination of cell specific activity. The animal was then sacrificed and the skeleton isolated for direct counting of total marrow activity.
PIT was performed according to established techniques(5). 5 ACi of "9Fe citrate (molar ratio Fe/citrate < 1: 30) was added to 5 ml of heparinized plasma from an iron-deficient animal and incubated for 15 min at room temperature on a rotating turntable to permit complete binding with transferrin. After removal of a standard, the remainder was injected through the foreleg vein. Eight 1-mil plasma samples were obtained during the following, 2 h. The PIT, expressed as mg Fe/100 ml whole blood/day was calculated The erythron iron turnover (EIT) was then derived from the PIT (6) by subtracting the nonerythroid fraction as in the following formula :2 EIT = PIT -(Serum iron [,Mg/100 ml] X plasmatocrit X 0.0035) (2) Erythroid cells of the marrow were labeled by injecting intravenously over a 15-min period 1.5 mCi 5Fe citrate (sp act of 10-15 mCi/mg, molar ratio Fe/citrate < 1: 30). 18 h later when the radioiron was maximally localized in the erythroid precursors, a marrow biopsy was obtained from the posterior iliac crest with an electrical drill (Synthes AG., Waldenburg, Switzerland). Marrow was also aspirated from the opposite iliac crest, smeared, and stained by Wright's method. Neutrophil-erythroid (N/E) ratios were determined in smears by counting at least 5,000 cells by using conventional morphologic criteria. The animal was then sacrificed and the skeleton separated and cleaned.
Bone marrow biopsy cores measuring 4 mm in diameter and 15 mm in length were fixed in 7.5% formalin buffered with 0.05 M Sorensen's phosphate buffer at pH 7.4 for 24 h at 37°C and washed with 0.88 M sucrose containing 1% gum acacia (7) . Without decalcification the specimens were progressively dehydrated for 2-h periods in 50, 70, 85, 95, and 100% ethanol. For embedding, a modification of the methacrylate technique of Zambernard, Block, Vatter, and Trenner (8) was employed. The cores were placed in methacrylate monomer (Polysciences, Inc., Warrington, Pa.) for two 1-h periods followed by an 8-h immersion in a 1:1 mixture of methacrylate monomer and embedding medium.3 The specimens were then put into fresh embedding medium for 8 h under vacuum. Finally, they were placed into plastic molds and polymerization was initiated by UV light. Sections were cut at 3 um using a Leitz L 1212 Minot rotary mircotome and steel knives (Leitz O.N., 530 165, wedge-shaped with plane edge, E. Leitz, Inc., Rockleigh, N. J.) and then mounted on albumin-subbed slides. After removal of the plastic by a 15-min exposure to acetone, the sections were brought to water and incubated for two 45-min intervals at 37°C with an incubation medium containing napthol-A SD chloroacetate and diazotized pararosaniline. 2 The detailed mathematical analysis of serum activity in man from which the EIT calculation is derived has not been carried out Louis, Mo.) in 2 N HCl with 4 drops of 4%, NaNO2 in distilled water to which had been added 60 ml of 0.1 M Michaelis buffer and 25 mg naphthol-ASD chloroacetate (Sigma Chemical Co., St. Louis, Mo.) dissolved in 1 ml dimethylformamide (final pH: 6.3). The sections were then rinsed in tap water and counterstained with 1% toluidine blue for 15 min. After removal of excess toluidine blue and dehydration in 95 and 99% isopropanol, the sections were cleared in xylene, and a cover slip was applied over a drop of immersion oil.
All cells of the erythrocytic and neutrophilic series containing recognizable nuclear material were counted in duplicate sections. Neutrophil forms, including promyelocytes, were easily recognizable by the presence of esterase-positive granules. All morphologically recognizable neutrophilic forms were esterase positive. Only a rare basophil reacted. Canine monocytes, lymphocytes, plasma cells, and eosinophils did not stain in the naphthol-ASD-chloroacetateesterase reaction. The neutrophil series was classified into three categories according to the following nuclear characteristics: (a) Promyelocytes and myelocytes had a large, round, oval or minimally indented nucleus with a fine chromatin pattern with or without nucleoli. (b) Metamyelocytes and band forms had elongated nuclei with coarse chromatin patterns and no nucleoli. (c) Segmented neutrophils demonstrated clumped chromatin and at least one filament between lobes (a filament was defined as a constriction of nuclear material to less than i the diameter of the adjacent lobe). Cell profiles that did not reveal the entire nuclear contour could usually be classified on the basis of the outlined criteria. Those cells which fell between two classes were put into the more mature class. Autoradiographs of marrow biopsies obtained within 30-min of pulse labeling with [3H]thymidine showed no grains in metamyelocytes or band forms.
Since individual neutrophilic or nucleated erythroid cells appeared in several adjacent sections, direct cell counts overestimated the actual cell number by a factor related to cell diameter and section thickness (3). The empirical "multiple counting factor" was determined for at least 50 cells of each morphologic type in five different animals by determining the number of serial sections that showed identifiable nucleated profiles of the same cell. Specific cells were identified in enlarged photographs of sequential sections by their relationship to marrow structures such as vessels, fat spaces, bony spicules, megakaryocytes, etc. Correction for size was then made by dividing the raw cell count on the section by the multiple counting factor.
To determine total marrow cellularity, the specific activity of normoblasts in individual sections was related to the total skeletal activity (3, 4) . Radioactivity in marrow sections was counted in a low background gas flow beta counter (Lowbeta Counter, Beckman Instruments, Inc., Fullerton, Calif.) to a statistical error of less than 3%. Background counts were below 1 cpm and net activity in the sections ranged between 12 and 30 cpm. The elution of 'Fe from the marrow during processing was 0.43%J0.08 (1 SD). The specific activity per normoblast was determined in a section from its radioactivity and the number of normoblasts corrected for multiple counting error. Total marrow activity was determined by counting the entire skeleton, isolated from the autoclaved carcass, and an appropriate standard at a fixed distance from a sodium iodide crystal detector. In evaluating counting error, the coefficient of variation was determined by the method of Copeland (10) .
The accuracy of tissue-section measurements of marrow cellularity was assessed in six dogs by comparing the difference in the results obtained before and after leukopheresis with the results of counting of cells actually removed. Under general anesthesia an arteriovenous shunt of silastic tubing (Dow Corning Corporation, Midland, Mich., 0.104 inch internal diameter) was inserted between the carotid artery and the jugular vein. A few centimeters distal from the insertion site, the shunt was fixed to the skin at the site of exit by placing several anchoring sutures through a Dacron felt cuff. Under optimum conditions these shunts remained patent for several weeks. 1 where PMN/E represents the ratio of PMN to nucleated erythroid cells. 16 h after the initial PIT and bone marrow biopsy and 8 h before leukopheresis, Depo-Medrol (Upjohn Co., Kalamazoo, Mich.), 10 mg/kg, was injected intramuscularly to raise the circulating neutrophil count and thereby increase the efficiency of leukocyte removal. The unanesthetized animal was then leukopheresed over an 8-h period by exchanging half of his blood volume at 30-min intervals. Blood was collected into plastic bags (TA-5 Transfer Packs, Fenwal Laboratories, Inc., Morton Grove, Ill.) containing acid citrate dextrose (ACD) with a final concentration of 0.15 ml/ml whole blood. The bags were centrifuged at 450 g for 15 min. By using a Fenwal plasma extractor, platelet-rich plasma was expelled into another bag. The buffy coat layer was clamped off, removed, and pooled. The plasma and red cells were then recombined and injected through the venous side of the shunt over a 10-min period. 1 ml of 10% calcium-gluconate/100 ml blood was given with each reinfusion. Red cell losses associated with the removal of the buffy coat were compensated as accurately as possible by supplying homologous ACD anti-coagulated whole blood drawn from an unmatched donor 2 days before leukopheresis in an amount equal to that of the red cells lost. The use of homologous blood in these studies was considered appropriate since it had produced no Marrow Erythroid and Neutrophil Cellularity in the Dog (Table III) . By using the composite factor for NRBC and the multiple counting factor for each stage of granulocyte development, true ratios between two cell species were calculated (Table IV) . In the same table are shown the N/E ratios obtained from Absolute cellularity was determined by relating the specific activity of erythroid cells in duplicate counted sections of iliac marrow (corrected for multiple counting) with the total activity of the skeleton (Table V) . The only assumption in this calculation is a marrow distribution of radioiron proportionate to its erythroid cellularity. The EIT was also related to the NRBC mass. The mean normoblast population of six dogs was 5.48+0.78 X 109/kg, corresponding to a mean EIT of 0.90±0.11 mg Fe/100 ml whole blood/day.
The total number of neutrophils was calculated directly by using radioiron to determine the relation between the number of cells counted in the marrow section and the number of cells in the total skeleton (Table VIA) . Mean values expressed as cells X 109/kg were 1.36±0.37 promyelocytes and myelocytes, 2.25± 0.30 metamyelocytes and band forms, and 2.95±0.70 segmented neutrophils. The total number of neutrophilic Coefficient of variation 14%o 12% * Derived from 59Fe activity in the total skeleton divided by the total weight of the animal in kilograms.
I Derived by dividing total skeletal "9Fe activity by 59Fe activity/erythroblast in the marrow section.
Marrow Erythroid and Neutrophil Cellularity in the Dog * Calculated from the neutropils in each section times the total skeletal activity divided by the radioactivity in the section.
I Calculated from the erythroid number and the N/E ratio.
forms was 6.58±0.67 X 109 cells/kg. Similar values were calculated when the number of NRBC was determined by isotope dilution and the neutrophilic number derived from the N/E ratio (Table VIB) . The relationship between the EIT and the number of NRBC was also examined. The NRBC number determined by isotope dilution (Table VIB) (15) found an average granulocyte-erythroid (G/E) ratio of 1.9. Our own results from cell suspensions gave an N/E ratio of 1.4, and from marrow sections, an N/E ratio of 1.2. In this study it was possible to obtain and process marrow biopsies in which virtually all cells were intact and recognizable. Further requisites for accurate data include counting a significant number of cells to minimize distributional variation and making proper corrections for cell size, i.e., counting a cell only once when it is represented in multiple sections. The coefficient of variation of N/E ratios calculated from 10,000 cells in sections was less than 10%. The size correction factor derived in these studies has been discussed elsewhere in reference to megakaryocyte quantitation (3) and depends on the uniformity of section thickness. In the present study differences in section thickness were monitored by radioactive labeling of the tissue, and the mean variation of sections was found to be ±8.7%
(including counting error). The distribution of erythroid and neutrophilic cells was found to be constant in different parts of the skeleton (Table II) , as has been reported by others (2, 3) .
Various approaches have been used in the dog to quantify hematopoietic tissue. One approach is to put together relevant data reported by separate investigators. For example, Fairman and Whipple estimated the total intramedullary volume to be about 20 ml/kg (1), while Rekers and Coulter (2) found approximately 10' cells/ml of red cell marrow. If one were to assume that active marrow represents 20-80% of the medullary cavity (1) and that the white cell precursors in the marrow outnumber the erythroid cells by a 2: 1 ratio (2), then the calculated numbers of red cell and white cell precursors would be about 1. (18) . However, a recent study indicates that measurements of circulating leukocyte turnover with DF3P give falsely high values because this radioactive tag is partially eluted from the cells (11) .
Kinetic measurements of mobilizable granulocytes made by Thomas et al. (15) are in reasonable agreement with the present study. They established a vascular connection between the blood of normal animals with that of animals made neutropenic by radiation. In 6 h, 6.7 and 8.5 X 10' neutrophils were removed from the two normal animals to neutropenic recipients. By making allowances for granulocytes delivered from circulating pool (0.7 X 10') and those entering the storage pool from precursors during the 6-h period (0.4 X 10') the postmitotic marrow pool in their studies might be estimated to be approximately 6.6 X 10' cells.
To assess the accuracy of the method described in this paper, a rapid change in the marrow neutrophils was accomplished by leukopheresis with removal of about a third of the postmitotic granulocyte pool. The average calculated change in blood and marrow of six animals was virtually identical to that determined by direct counting of the cells removed. Such close agreement was probably fortuitous since several assumptions are involved in the calculations, such as a constant ratio between marginal and circulating neutrophils and a steady input into the nonmitotable pool from the mitosing marrow. The agreement does suggest that no significant systematic error is involved in the calculation of marrow cellularity. In the individual animal an average divergence of 15% was found between the calculation based on blood cell changes and cells removed as compared to the calculation based on changes in marrow cellularity (Table VII) . Furthermore, the rapid mobilization of the storage neutrophils into the blood by leukopheresis indicates regulatory mechanism(s) controlling this compartment independent of neutrophil production. These studies provide the basis for both experimental and clinical investigations of neutrophil kinetics and its regulation.
